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Production of yellow-pigmented P(3HB-c0-4HB) copolymer was synthesized through one-step cultivation usin 
Cupriavidus sp. USMAHM13 using various carbon and nitrogen sources with different concentrations. It was found the 
the combination 1,4-butanediol with 1,6-hexanediol had resulted in high production of P(3HB-c0-4HB) copolymer an 
al&having the potential to produce yellow pigmentation as well. Enhancement of yellow pigment was done, resulting 
g. yeast extract as the yellow pigment inducer. The yield of yellow-pigmented P(3HB-c0-4HB) copolymer b 
optimizing the process and medium parameters through Response Surface Methodology had attained and applied i 
3.6l bioreactor. Scale-up production was also done in 15l bioreactor. Yellow-pigmented P(3HB-c0-4HB) scaffolds wer 
prepared to enhance its antimicrobial performance. The electrospinning. salt-leaching and solvent casting technique 
were employed to develop yellow-pigmented P(3HB-co-4HB) copolymer scaffolds. The antimicrobial and physicc 
properties of yellow-pigmented copolymer P(3HB-c0-4HB) were evaluated as well. Development of antimicrobial P(3HE 
c0-4HB) scaffolds with enhanced production are obtained from this proposed study. 
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Exploring the potential of CUpriavidu5 5p. USMAHM13 to 
produce p(3HB-CO-4HB) copolymer and yeHow pigment using 
various carbon sources 
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ABSTRACT 
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] copolymer has attracted intensive attention in 
medical applications. A novel strain, Cupriavidus sp. USMAHM13 was found to have ability of producing P(3HB-co-4HB) 
cllymer simultaneously with Ii yellow pigment production. Preliminary study had shown the pigment extract exhibited 
antibacterial activity against pathogenic bacteria. This present study was conducted by applying various strategies to evaluate 
the effect of various carbon precursors on the biosynthesis of P(3HB-co-4HB) copolymer and the yellow pigment. 
Combination of 1,4-butanediol with 1,6-hexanediol yielded a bacterial growth of 1.8 gil to 10.8 gil, PHA content of28 wt% to 
47 ~Io and pigment concentration of 0.05 gil to 0.18 gil. Enhancement of P(3HB-c0-4HB) copolymer and pigment 
production were successfully achieved using 1,4-butanediol with 1,6-hexanediol at C/N=23 which resulted in an outstanding 
increased of cell dry weight, PHA content and pigment concentration of 11.4 gil, 52 wfllo and 0.25 gil respectively. Addition of 
fructose at various concentrations from improved medium had successfully increased the yellow pigment production by 61 %. 
To the best of our knowledge, this study represent the first report on the capability of Cupriavidus sp. USMAHM13 to produce 
r-Co-4HB) copolymer and yellow pigment with various 4HB monomer compositions from a wide range of carbon 
sources. 
Keywords: Biopolymer, Cupriavidus sp., One-step cultivation, P(3HB-co-4HB) copolymer, Polyhydroxyalkanoate, Yellow 
pigment 
INTRODUCTION 
Biomaterial-related infections were usually caused by bacterial biofilms. It is often leading to implant failure and 
inherently tolerant to host defences and therapies. Release of antimicrobial agent from biomaterial would serve as an 
alternative promising strategy to overcome problems associated with biofilm (1). Recently, polyhydroxyalkanoates (PHAs) 
stand out as an attractive biodegradable biomaterial with the potential towards the importance of modern biotechnology such as 
in medical field (2). The synthesis of PH As occurs under the condition when at least one nutrient which was needed for growth 
is reduced but with excessive presence of carbon (3,4). The excess carbon sources are converted into monomer called 
hydroxyalkanoates (HAs) and polymerized into biopolyesters that stored intracellularly as insoluble granules (5). There are 
various types of PH As consist of different HAs monomers with different compositions. These variations have resulted in PHAs 
having various physical and material properties (3). 
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Among the diverse types of PHAs, poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] copolymer is 
found to exhibit beneficial characteristic due to its biocompatibility (6). With such desirable properties, P(3HB-co-4HB) has 
attracted tremendous interest in therapeutical and medical approach due to its biocompatibility of both 3HB and 4HB 
monomers which are known to be the common metabolites found in human (3). 
Cupriavidus necator is a well-known bacterium particularly for its ability to accumulate PHA containing 4HB 
monomer (7). Recently, Cupriavidus sp. USMAHM13 has been reported as a new P(3HB-co-4HB)-accumulating bacterial 
strain by Ramachandran and Amirul (8). This bacterium is capable of utilizing wide range of carbon sources in the 
biosynthesis ofP(3HB-co-4HB) copolymer. It has been reported that Cupriavidus sp. USMAHM13 is able to produce as high. 
as 51 molo of PHA content with high cell dry weight of 8.9 gil via shake flask fermentation using sole carbon source of y-
butyrolactone (8). 
Other interesting characteristic of this novel bacterium is the ability to synthesize yellow pigment which exhibits 
antibacterial activity against various pathogenic bacteria. This yellow pigment demonstrates an inhibitory effect against both 
Gram-positive and Gram-negative bacteria. Based on the preliminary study performed by Ramachandran and Amirul (9), the 
yellow pigment is identified as a novel carotenoid, which might belong to the xanthophylls group. The polymer produced by 
Cupriavidus sp. USMAHM13 was associated with the bacterial pigment as both are produced simultaneously. It is believed 
that the bacterial pigment could be released as the polymer is degraded. 
Therefore, having this in mind, effect of various carbon precursors such as y-butyrolactone, 1,4-butanediol and 1,6-
hexanediol on the biosynthesis of P(3HB-co-4HB) copolymer and yellow pigment were evaluated as no reports available on 
the enhancement of the P(3HB-co-4HB) copolymer and yellow pigment production by Cupriavidus sp. USMAHM13. Besides 
focusing on the bacterial growth and PHA production, pigment production was also explored in order to investigate the 
intensity of pigment coated onto the P(3HB-co-4HB) copolymer. Additional of fructose was another approach applied to 
stimulate more production of the yellow pigment. 
MATERIALS AND METHODS 
Bacterial strain 
A local isolate, Cupriavidus sp. USMAHM13 (DSM 25816) was used in this study. The inoculums were prepared as reported 
by Ramachandran and Amirul (8). Cupriavidus sp. USMAHM13 was maintained from exponential growth phase and stored in 
20% (v/v) glycerol at _20°C. 
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Biosynthesis of P(3HB-co-4HB) copolymer via one-step cultivation method 
Biosynthesis of P(3HB-co-4HB) copolymer was carried out through one-step cultivation process. The bacterium was cultured 
into 50 ml nutrient broth (lOg of peptone, 109 of beef extract and 2 g of yeast extract per liter of distilled water) for 18-20 
hlrs. The pre-cultured cells were then transferred into 50 ml of mineral salts medium (MSM) containing (per liter) 3.7 g 
0.29 g ZnS04'7H20 [10]. The medium was added with sterilized carbon sources at certain concentrations. The culture was then 
incubated on a rotary shaker at 200 rpm for 72 hours at room temperature. 
Analytical procedures 
The PHA content and polymer composition of lyophilized cells were analyzed using gas chromatography (Shimadzu Gas 
.omatOgraphY GC-2014, Shimadzu, Japan) based on the standard method (11). The harvested cells were centrifuged and 
freeze dried. About 20 mg of freeze-dried cells was subjected to methanolysis in the presence of methanol and sulphuric acid 
(85:15 %, v/v). The organic layer containing the reaction product was separated and dried over Na2S04 before subjected into 
the gas chromatograph with a flame ionization detector (FID) set to 260°C. 
Pigment concentration was quantified by using spectrophotometer (GENESYS 20 Spectrophotometer). The pigment 
concentration determinations were carried out by dissolving 10 mg of freeze dried cells into 2 ml of methanol, followed by 
incubation for 20 minutes and centrifugation at 10397 RCF for 2 minutes. The optical density reading was taken at 420 nm. 
The concentration of the yellow pigment was calculated based on a linear standard curve. The total pigment concentration was 
measured on the basis of cell dry weight (gil). 
RESULTS AND DISCUSSION 
Effect of combinations of 'Y-butyrolactone with either 1,4-butanediol or 1,6-hexanediol towards the production of 
P(3HB-co-4HB) copolymer and yellow pigment 
P(3HB-co-4HB) copolymer can be synthesized by providing various 4HB precursors such as y-butyrolactone, 1,4-
butanediol and 4-hydroxybutyric acid (12). By controlling the culture conditions such as culture aeration, cell concentration 
and phosphate ratio, the synthesis of P(3HB-co-4HB) copolymer with various 4HB molar fractions can be achieved (13). In 
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this study, one-step cultivation was applied for the P(3HB-co-4HB) copolymer and yellow pigment production. Different 
carbon precursors such as y-butyrolactone, l,4-butanediol and 1,6-hexanediol were used in the production ofP(3HB-co-4HB) 
copolymer and yellow pigment. 
In term of bacterial growth, the combination of y-butyrolactone together with l,4-butanediol (Table 1) showed an 
increase in cell dry weight of 8.0 gil to 9.5 gil and residual biomass of3.36 gil to 4.72 gil. The combination ofy-butyrolactone 
with 1,6-hexanediol (Table 2) also showed a pattern of increase in cell dry weight (8.0 to 10.2 gil) and residual biomass (3.36 
to 6.29 gil); parallel to the increased concentrations of 1,6-hexanediol from 0 gil to 7.5 gil. With increased residual biomass, 
this shows that the utilization of carbon was more towards the tricarboxylic acid cycle (TCA), which responsible for growth, 
rather than into PHA biosynthesis pathway (14). 
Comparing the PHA content (41-54 wrolo) and PHA concentration (3.28-4.92 gil) from the usage ofy-butyrolactone 
with lA-butanediol combination, it could be explained that the PHA accumulation was much higher than the usage of y-
butyrolactone with 1,6-hexanediol, getting 38 wrolo to 44 wt% of PH A content with PHA concentration of3.86 gil to 4.18 gil. 
When using 1,6-hexanediol as sole carbon source, the cell dry weight and the PHA content were the lowest (1.8 gil and 31 
wtOlo, respectively). The depletion of PHA accumulation indicates that the toxicity effect of 1,6-hexanediol could affect the 
growth of bacteria which consequently affected the PHA accumulation as well (IS). 
The combination of y-butyrolactone with 1,4-butanediol resulted in a small increase in 4HB monomer compositions 
from 25 mol% to 35 mol% as the concentration of 1,4-butanediol increased. Meanwhile, combination ofy-butyrolactone with 
1,6-hexanediol also showed a slight increment from 10 mol% to as high as 39 mol% as the concentration of 1,6-hexanediol 
increased. When using a mixture substrate, the portion of 3HB molar fraction produced was relatively higher compared to 4HB 
monomer composition as concentration of y-butyrolactone increased. In addition, the usage of 'Y .. butyrolactone alone also 
produced high 3HB monomer composition of 92 mol%. This could be explained due to the flux of the carbon precursors that 
favors 3-hydroxybutyric-CoA's formation, rather than 4-hydroxybutyric-CoA. This resulted a high amount of 3HB monomer 
compositions in the production of P(3HB-co-4HB) copolymer (16). Contrarily with the usage of sole carbon source of 1,4-
butanediol and 1,6-hexanediol, the 4HB monomer compositions obtained were the highest (48 mol% and 60 mol%, 
respectively) compared to the mixture substrates with y-butyrolactone. Referring to the biosynthetic pathway of P(3HB-co-
4HB), l,4-butanediol and 1,6-hexanediol could be oxidised into 4-hydroxybutyric acid, corresponding to the formation of 4-
hydroxybutyric-CoA. Considering that 4-hydroxybutyric-CoA was not a chiral intermediate to 3-hydroxybutyric-CoA, thus it 
could be immediately polymerized into P(3HB-co-4HB) by PHA synthase (17). Keeping this in mind, the combinations of 1,4-
butanediol with 1,6-hexanediol could further enhanced the production of 4HB monomer compositions. 
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The usage of carbon sources at different concentrations were also carried out to study the production of yellow 
pigment. Overall results showed that the yellow pigment production could be as high as 0.16 gil to as low as 0.02 gil. The 
highest production of yellow pigment (0.16 gil) could be obtained from both combinations ofy-butyrolactone with either 1,4-
butanediol or 1,6-hexanediol. However, the deficiency of yellow pigment production was observed with high concentration of 
!,utanediol and 1,6-hexanediol; getting as low as 0.05 gil and 0.02 gil respectively. Similar to the accumulation of PH A, it 
was observed that 1,4-butanediol and 1,6-hexanediol were significantly influenced the yellow pigment production. This 
findings revealed the production of yellow pigment in Cupriavidus sp. USMAHM 13 was mainly affected by 1 ,4-butanediol and 
1,6-hexanediol than y-butyrolactone. 
From all combinations of y-butyrolactone with either 1,4-butanediol or 1,6-hexanediol, the cell dry weight and 
residual biomass show an increase pattern, indicated a good bacterial growth. Meanwhile, 4HB monomer production also 
increased with the decreasing concentration of y-butyrolactone and increasing concentration of 1,4-butanediol or 1,6-
hexanediol. This shows that combination of 1,4-butanediol with 1,6-hexanediol demonstrated possibility of getting higher 4HB 
molar fractions, high production ofP(3HB-co-4HB) copolymer and yellow pigment as well .. 
Effect of different concentration of 1,4-butanediol with 1,6-hexanediol towards the production of P(3HB-co-4HB) 
copolymer and yellow pigment 
Similar strategy to previous experiment using y-butyrolactone with either 1,4-butanediol or 1,6-hexanediol was 
applied using various concentrations of 1,4-butanediol and 1,6-hexanediol (Table 3). Based on the results, combination of 1,4-
butanediol with 1,6-hexanediol shows an increased in 4HB monomer compositions, ranging from 47 mol% to 60 mol%. 
Besides that, the cell dry weight, residual biomass and the PHA content increased with the increase of 1,6-hexanediol. 
However, increase concentration of 1,6-hexanediol from 7.5 gil to 10 gil had cause growth inhibition (1.22 - 1.21 gil) as well 
as decreased in PHA content (28 - 31 ~/o). This is due to the pronounced inhibitory effect of high concentration of 1,6-
hexanediol on the bacterial growth and the PHA accumulation (15). For 4HB monomer composition, the combination of 
increasing concentration of 1,6-hexanediol with decreasing concentration of 1,4-butanediol resulted in an increase of 4HB 
monomer composition from 47 mol% to 56 mol%. As reported by Steinbtichel and Ltitke-Eversloh (17), ffi-alkanediols like 
1,4-butanediol and 1,6-hexanediol with even number of carbon atoms and greater carbon chain can act as carbon precursors in 
enhancing the 4HB accumulation during PHA production. From the biosynthetic pathway of P(3HB-co-4HB), 1,4-butanediol 
and 1,6-hexanediol were oxidized into 4-hydroxybutyric acid. The formation of 4-hydroxybutyric acid was the critical step to 
initiate the production of 4HB monomer (18). 
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Interesting results were obtained using 1,4-butanediol with 1,6-hexanediol where the yellow pigment production could 
increase up to 0.18 gil. Previously, the yellow pigment production was in the range of 0.02 gil to 0.16 gil when using y-
butyrolactone with either l,4-butanediol or 1,6-hexanediol. The increase of the yellow pigment production by 12.50/0 could be 
due to the feeding strategy of mixture of two carbon precursors might accelerate the yellow pigment production. Comparing all 
the carbon sources, the efficiency of carbon source towards yellow pigment production could be arranged in the following 
order: 1,6-hexanediol > 1,4-butanediol > y-butyrolactone. 
In this study, it was notable that the combination of 1,4-butanediol with 1,6-hexanediol was able to produce good 
bacterial growth, P(3HB-co-4HB) copolymer accumulation and yellow pigment production. Results had given the highest cell 
dry weight (10.8 gil) and yellow pigment production (0.18 gil) with fairly high PHA content (36 wt%) and 4HB composition 
(56 mol%). For more efficient and high production of both P(3HB-co-4HB) copolymer and yellow pigment, several strategies 
were employed through the feeding of carbon sources. The combination of l,4-butanediol with 1,6-hexanediol was selected for 
further improvement. 
Effect of carbon-tn-nitrogen ratio (C/N) towards the production ofP(3HB-c0-4HB) copolymer and yellow pigment 
New strategy was adapted from Amirul and co-workers (12) in which a fixed carbon-to-nitrogen (e/N) ratio of23 was 
applied in this study. This strategy was applied due to the achievement of highest PHA content of 58.7 wtO/o with 4.% gil of 
cell dry weight which was obtained using e/N = 23 of sole carbon of 1,4-butanediol by Cupriavidus sp. USMAAI020. The 
combination of 1,4-butanediol with 1,6-hexanediol was further improved by increasing the C/N ratio to 23 and the total weight 
percentage carbon used was 0.56 ~Io by manipulating the concentration level of each carbon sources used. 
As a result, Table 4 shows an increase in PHA content and 4HB monomer composition up to 52 moJo and 62 mol%, 
respectively. In addition, a good bacterial growth was obtained with 11.4 gil of cell dry weight and 5.19 gil of residual 
biomass, suggesting that the changes in C/N to 23 had influence the growth as well as the accumulation of P(3HB-co-4HB) 
copolymer. This proves that improvement strategy had successfully contributed to the accumulation of high PHA content with 
high 4HB monomer composition, as well as good growth. Among all the combinations, 0.42 wt% C of 1,4-butanediol with 
0.14 wt% C of 1,6-hexanediol combination was found to accumulate the highest PHA content and PHA concentration of 52 
wt% and 5.94 gil respectively. As reported by Madden and colleagues (19), total carbon from each substrate would influence 
the production of cell biomass, PHA concentration and PHA content. Almost similar results were obtained by Kai-Hee and co-
workers (14) where the use of high carbon concentration (0.52 wt% C) of 1,4-butanediol with low carbon concentration (0.17 
wt% C) of 1,6-hexanediol (C/N = 29) in the production of P(3HB-co-4HB) copolymer by Cupriavidus sp. USMAAI020 
7 
shows a synergistic effect, resulting a high PHA content of 64 wt%. The presence of optimum CIN ratio is one of the factor 
influencing the PHA production and composition (20). For instance, the combination of high concentration of 1,4-butanediol 
with low concentration of 1,6-hexanediol had significantly influenced the PHA accumulation with low inhibitory effect on 
bacterial growth. 
Meanwhile, an impressive increase of yellow pigment concentration by 39% increment, from 0.18 gil to 0.25 gil, was 
obtained compared to previous experiment. The combination of 0.42 wt% C of 1,4-butanediol with 0.14 wt% C of 1,6-
hexanediol had resulted in the highest yield of pigmentation (0.25 gil). Other experimental results showed that the production 
of pigment like astaxanthin by Haematococcus pluvialis was promoted by high CIN ratio (21). This indicated that the idea of 
using high e/N ratio was successful in producing high yellow pigment production. As a conclusion, this strategy was able to 
produce a good bacterial growth with 11.4 gil of cell dry weight and 5.19 gil of residual biomass. The PHA accumulation also 
gave a satisfied result with 52 wtOlo of PHA content with 5.94 gil of PHA concentration. Meanwhile, the yellow pigment 
production was increased up to 0.25 gil. 
.ancement of yellow pigment production with addition of fructose by Cupriavidus sp. USMAHM13 
Improvement of yellow pigment production by Cupriavidus sp. USMAHM 13 was carried out by adding fructose as 
supplemental carbon sources to the combination of 1,4-butanediol and 1,6-hexanediol. The use of fructose was chosen as it is 
able to increase yellow pigment production in Micrococcus species up to 5.28% (22). Table 5 shows that different 
concentrations of fructose could enhance yellow pigment production to as high as 0.29 gil. The potential use of fructose in 
enhancing the pigment production was also evaluated by Subhasree and colleagues (23), resulting a maximum yield of yellow 
pigment of 1.304 U/g from fungus Monascus purpures. Similar result was obtained from Rhodotorula g[utinis DFR-PDY, in 
which the yeast was able to produce a higher yield of yellow pigment when using fructose as compared to other 
monosaccharides such as glucose and galactose (24). Yamane and co-workers (25) had reported that pigment production could 
be enhanced under nitrogen-limited condition. From this study, the fixed concentration of ammonium acetate (nitrogen source) 
with additional supply of fructose had created high C/N ratio of 31 due to extra addition of carbon source. The increase in 
carbon concentration was significantly correlated with the increased production of yellow pigment; in which possible 
carotenoid biosynthesis pathway such as mevalonate pathway might be influenced in this bacterium (25, 26). It could be 
suggested that the high carbon concentration, as well as high CIN ratio may also favour the pigment production. However, the 
cell growth and P(3HB-co-4HB) copolymer production were less affected along with the increasing concentration of fructose, 
but apparently the 4HB monomer composition was slightly decreased. This shows that the addition offructose could be used to 
enhance yellow pigment production without inhibiting the bacterial growth and P(3HB-co-4HB) accumulation. 
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content when using as sole carbon fed to Cupriavidus acidovorans by changing the carbon 
concentration (Mitomo et ai., 2001). These effects of the interactive plots between 
ammonium acetate and 1,4-butanediol are efficiently verified by the 3D response surface. In 
additional, the contour was not perfectly elliptical; implying there were fewer interactions 
among independent variables (Shantini et ai., 2011). 
I 
I 
Figure 1: 3D response surface towards PHA content. Interaction effects on A) different 
concentrations of ammonium acetate and l,4-butanediol, B) different concentrations of yeast 
extract and 1,4-butanediol and C) different concentrations of yeast extract and ammonium 
acetate. 
Figure 2 shows the 3D surface for the interactions between 1,4-butanediol, ammonIum 
acetate and yeast extract on pigment concentration. The plots of 3 D response surfaces 
indicated the influence of increased concentration of yeast extract and 1,4-butanediol towards 
the increased of pigment production. The linear term effect was as same towards PHA 
content; proposing the effect of yeast extract and 1,4-butanediol has increased of carbon 
sources. It was expected that yeast extract would be a good substrate, since it was proven for 
its rich content of B-complex vitamins towards carotenoid or siderophore metabolic pathway. 
Otherwise, both yeast extract and l,4-butanediol containing some essential nutrients that 
enhance the pigment production. However, the effect of low and high concentration of 
ammonium acetate obtained low pigment concentration. It can be inferred that the high 
concentration of carbon sources (refer to yeast extract and 1,4-butanediol) are crucial for the 
pigment production regardless of ammonium acetate concentration. In most pigment-
producing microbes, carbon source is one of the important factors affecting pigment 
production (Joshi et aI., 2003). Interactive effect was showed between 1,4-butanediol and 
ammonium acetate towards yellow pigment production. Presence of acetate might have 
contributed to the pigment production. Acetate, mevalonic acid and isopentenyl 
pyrophosphate are serving as precursors of a number of polyprenoid compounds in bacteria 
for carotenoid biosynthesis (Pandian et aI, 1981). In the metabolic pathway, the carbon 
skeleton of mevalonic acid itself is derived from the two carbon atoms of acetic acid. 
Therefore, it appears that acetate is a crucial precursor that influenced pigment production 
(Pandian et aI, 1981). 1,4-butanediol was also related with the formation of acetate meoties. 
For instance, 1,4-butanediol will convert into 4-hydroxybutyryl-CoA and split into two 
acetyl-CoA during ketolysis reaction. Acetyl-CoA could be converted by CoA reductase 
enzyme to form acetate. Thus, we assume that there might be some unknown reactions 
involved throughout this process, combining both proposed mechanisms between ammonium 
acetate and 1,4-butanediol. However, further investigations in the yellow pigment production 







Figure 2: 3D response surface towards pigment concentration. Interaction effects on A) 
different concentrations of ammonium acetate and l,4-butanediol, B) different concentrations 
of yeast extract and 1,4-butanediol and C) different concentrations of yeast extract and 
ammonium acetate. 
Figure 3 shows that the cell dry weight was highly increased with the increased 
concentration of 1,4-butanediol and yeast extract, but with the decreased of ammonium 
acetate. Further increased the concentration of ammonium acetate gives an inhibitory effect 
on the cell dry weight. At an elementary level, carbon was known as one of the major 
elements in nutritional requirements in bacterial cells and comprised almost 50% of cell dry 
weight. This showed that abundant carbon sources can contribute to high bacterial production 
which leads to an increased in cell biomass. It can be interpreted from the graph that bacterial 
productivity are able to be further increased as the concentration of 1,4-butanediol and yeast 
extract increased. Besides that, the interactive model shows that 1,4-butanediol and yeast 
extract have given effect towards cell dry weight. The 3D contour indicated the cell dry 
weight was highly increased with the increased concentration of both 1,4-butanediol and 
yeast extract. The increased of cell dry weight was depending on PHA concentration and 
residual biomass (bacterial growth). The presence of l,4-butanediol was previously able to 
enhance PHA content and also promoting P(3HB-co-4HB) copolymer production. 
Meanwhile, yeast extract was also known for its capability to stimulate bacterial growth 
(Silva and Almeida, 2006) and also by far, the most important effect on cell growth 
(Ikonomou et aI., 2001). Therefore, the combination of both effect from 1,4-butanediol and 
yeast extract were significant towards cell dry weight. The slightly elliptical response surface 
in the entire region was found from the second order equation for the cell dry weight with the 
interaction of 1,4-butanediol and yeast extract as shown in Figure 3B. This showed that the 
cell dry weight of the bacterium was considerably affected by varying of 1,4-butanediol and 
yeast extract. 
Verification of the RSM optimization model 
As given by the software, an optimum values for maxlmum PHA content, pigment 
concentration and cell dry weight have obtained an increment the concentration of 1,4-
butanediol (0.42 wt% C to 0.56 wt% C), decreased concentration of ammonium acetate (1.23 
gil to 1.14 gil) and decreased concentration of yeast extract (3 gil to 2 gil). Verification 
experiments were performed in triplicates at the predicted conditions for all responses as 
shown in Table 5. PHA content of 53 wt% was recorded against the previous and predicted 
value of 46 wt%, showing an increased by 15%. The pigment concentration was increased by 
21 %, from 0.29 gil to 0.35 gil as predicted. Cell dry weight on the other hand showed a slight 
reduced by 80/0 from 12.8 gil to 11.8 gil, yet it was almost achieve as predicted. It was 
obvious that the experimental and predicted values were in good agreement. 
Figure 3: 3D response surface towards cell dry weight. Interaction effects on A) different 
concentrations of ammonium acetate and 1,4-butanediol, B) different concentrations of yeast 
extract and 1,4-butanediol and C) different concentrations of yeast extract and ammonium 
acetate. 
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Effect of different agitation speeds towards P(3HB-co-4HB) copolymer and yellow 
pigment production in 3.6 L bioreactor 
Among the other factors affecting the biosynthesis of PHA, oxygen limitation also plays an 
important role during PHA polymerization process in bacterial cells. Pozo and co-workers 
(2002) also demonstrated that oxygen level has shown a significant impact on production of 
PHA under nitrogen-limiting condition. According to Wu et al. (2002), alteration in pigment 
production might cause by a morphological changes towards different culture conditions. An 
attempt was taken towards the involvement of process parameter such as agitation speeds in 
order to see the influence of oxygen level which may affect the production of P(3HB-co-
4HB) copolymer and yellow pigment by Cupriavidus sp. USMAHMI3. Figure 4 showed an 
increasing trend of P(3HB-co-4HB) copolymer production and growth with the increased of 
agitation speed from 100 rpm up to 500 rpm. PHA accumulation are m'utually relate to the 
growth was noticeable where the highest values of PHA concentration and biomass obtained 
at the most aerated cultures (7.34 gil and 6.85 gil, respectively). Similar study was obtained 
in a oil palm frond juice culture where Cupriavidus necator showed an increased in poly(3-
hydroxybutyrate) (PHB) content when aeration increased (Mohd Zahari et aI., 2012). In a 
glucose culture, a recombinant Escherichia coli strain also showed an increasing trend of 
both PHB and growth when agitation speed increased from 180 rpm to 220 rpm (Nikel et aI., 
2010). This indicated a direct relationship between aeration and growth, as well as PHA 
accumulation. As an additional supports for the results, it is crucial to presume the 
biosynthesis pathway of PHA. The biosynthesis of PHA can be varies depending on growth 
conditions, namely the types of carbon source and electron flow. The electron flow was 
related with the terminal electron acceptor availability; depending on the presence of 
dissolved oxygen. Relying to this condition, the carbon could be used in producing more 
oxidized or more reduced product according to redox conditions. Both acetyl coenzyme A 
(acetyl-CoA) and reducing power (e.g NADPH) are known to be consumed during 
heterologous synthesis of PHB. At higher aeration condition, reducing power availability was 
increased (Faccin et al., 2013 and Nikel et aI., 2010). This condition favoured the PHA 
synthesis. Meanwhile, the cell dry weight was slowly increased at 100 rpm to 300 rpm and a 
sudden increased by 69% starting from 400 rpm to 500 rpm. The drastic increased in the cell 
dry weight was responsible by the increased in biomass rather than PHA accumulation. Diana 
and co-workers (2012) also demonstrated the same results where further increased of 
agitation speed under optimal level is not affecting on the PHA content in Delftia 
acidovorans. Instead, the PHA content was kept constant at 31 wt%. Generally, an optimal 
level of oxygen transfer rate was not only provides the mixing and dispersion of heat in the 
culture medium, but also to avoid the possibility of cell aggregation (Mohd Zahari et aI., 
2012). At the time cells accumulating together, medium become heterogeneous and thus 
affecting reduction of cell growth. Meanwhile, at higher agitation, cell aggregation· was 
interrupted due to the high shear force provided from the bioreactor (Yang et aI., 2006). On 
the other hand, the 0 ~Io C was observed as agitation speeds increased, showing the fully-
utilized carbon was achieved at optimum agitation speed of 500 rpm. In term of pigment 
production (Figure 5), maximum pigment production of 0.46 gil was obtained from 400 rpm. 
However, further increased of agitation speed to 500 rpm did not show a profound effect on 
yellow pigment production. Yang et al. 2006 demonstrated a less violacein pigment produced 
by Pseudoalteromonas luteoviolacea at higher agitation speed. This indicated that optimum 
agitation speed of 400 rpm was positively affected the yellow pigment production. 
Figure 4: Effect of agitation speeds on P(3HB-co-4HB) copolymer production, biomass and 
carbon leftover 
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Colonization test towards Bacillus subtilis as biofilm-forming bacteria 
The bacterial colonization of surfaces, by subsequent biofilm formation on polymer-based 
medical devices, is the cause of serious health complications mediated by nosocomial 
infections. The polymeric materials with resistance to microbial colonization and pathogenic 
microorganism spreading (antimicrobial polymers) have been one of the examples of the 
active material functionality. Antimicrobial surfaces are usually designed by impregnation of 
materials with biocides that are released into the surroundings whereupon microbes are 
killed. An antimicrobial polymer system is a material intentionally modified (chemically or 
physically) to prevent its bacterial colonization as well as biofilm formation. (Katsikogianni 
et aI., 2004). A special approach can be found in a test dedicated to evaluating bacterial 
adhesion on selected surfaces where a special procedure for sample preparation must be 
applied prior to microbiological investigation. (Baoshan et aI., 2009). 
In the case of biofilm assessment, a test regarding bacterial adhesion techniques is 
most crucial where they point out between the in vivo adhesions process of bacteria and the in 
vitro determination of the antibacterial activity of biomaterials taken into considerations. A 
sample after cultivation under proper conditions goes through specific procedures, which 
involves washing and mechanical removal of irreversibly attached cells. Finally, the amount 
of removed bacteria can be analysed by dilution and the spread plate technique (Ribeiro et aI., 
2012). Regarding the biofilm assessment it is important to mention the CFU. The number of 
colony forming units (CFU) is usually related to a certain volume or area and it is the most 
commonly used parameter in an antimicrobial testing procedure (Extremina et aI., 2011). In 
this study, the antimicrobial testing procedures, the exact size of the inoculums should be 
determined quite precisely by adjusting with Mac Farland solution standard. 
Therefore in this study, a test in determining bacteria-material adhesion was 
conducted in order to observe the colonization of Bacillus subtilis on the selected scaffolds. 
The colonization of Bacillus subtilis bacteria on the salt leached antimicrobial scaffolds of 
P(3HB-co-4HB) copolymer have shown as follows: 
o hour 6 hours 12 hours 
18 hours 24 hours 
Based on the results, the colonization of Bacillus subtilis bacteria has been reduced by 
yellow-pigmented salt leached scaffolds of P(3HB-co-4HB) copolymer. The initial CFU/ml 
at 0 hour is 2.5 x 101'.7. After 6 hours the CFU has reduced to 8 x 10/\ 5. From 12 hour 
onwards there is none of bacteria growth or colonization. This has shown the salt leached 
antimicrobial scaffolds have significant effect on the inhibition of bacteria proliferation and 
colonization (about 96.8%) thus inhibits biofilm formation effectively. The colonization of 
Bacillus subtilis bacteria on the electrospinning antimicrobial scaffolds have shown as photos 
as follows below: 
Obour 6hoUI3 12 hours 
18houn 24 hours 
Based on the results, the colonization of Bacillus subtilis bacteria has been reduced by 
yellow-pigmented electrospinning scaffolds. The initial CFU/ml at 0 hour is 1.7 x 101'.7. After 
6 hours the CFU has reduced to 7x 10/\ 6. The reduction between 0 hour to 6 hour is about 
58.82%.According above test, salt leached scaffold and electro spinning scaffold of P(3HB-
co-4HB) copolymer on prevention bacteria proliferation are much not differ, however the 
end of 24 hour there is no growth of bacteria at all. Therefore, applying antimicrobial 
polymers can noticeably reduce the negative phenomenon which is biofilm formation. The 
method where antimicrobial agent (which was yellow pigment in this study) has applied 
direct to the surface of polymer-based scaffolds has shown greatest effect on prevention on 
bacteria colonization and biofilm formation. The salt leached scaffold and electro spinning 
scaffold of P(3HB-co-4HB) copolymer on prevention bacteria proliferation are much not 
differ. However the structure of between two types scaffold may influence the slightly 
difference of results since salt leached scaffold more porous-type structure and thick compare 
electrospinning scaffold. This salt leached structure may cause adequate desorption of the 
active component of yellow pigment and is the advantage for this test where at first 6 hours 
from 0 hour, the growth of bacteria effectually reduce. However at 24 hours both type-
scaffolds have effectively shown the inhibition of colonization of Bacillus subtilis. As a 
result, the yellow-pigmented antimicrobial scaffolds of P(3HB-co-4HB) can be defined as 
bactericidal scaffolds when abating the concentration of viable bacteria by at least 3 logs 
(99.90/0 when expressed in terms of percentage) in this timer killer test. 
4. CONCLUSION 
An objective of this research is to obtain a high production of yellow pigment and P(3HB-co-
4HB) copolymer. Thus, it is crucial to study the effect of variables used to advance the 
production skills. Yeast extract showed a great ability to enhance yellow pigmentation by 
Cupriavidus sp. USMAHM13 and can act as a good additional supplement in a culture 
medium. It could be suggested that several carotenoid pathways might involved with the 
P(3HB-co-4HB) biosynthetic pathway; getting both product simultaneously. Since very little 
is known on the regulation of carotenoid biosynthetic pathway, it is pivotal to understand the 
biochemical mechanisms governing carotenoid pathway flux (Lee and Schmidt-Dannert, 
2002). Based on the statistical analysis, a significantly higher PHA content and pigment 
concentration of 53 wt% and 0.35 gil, respectively were achieve after optimization. These 
data had proved that RSM was able to improve the selected medium parameters to obtain 
maximum production of yellow pigment and P(3HB-co-4HB) copolymer in shake flask 
fermentation. The application of optimized medium parameter in 3.6 L bioreactor was tested 
with different agitation speeds in order to observed the influenced of oxygen levels towards 
PHA accumulation, growth and yellow pigment production. Promising results has shown in 
term of bacterial growth and P(3HB-co-4HB) copolymer production where the values 
increased with the increased of agitation speeds from 100 to 500 rpm. Meanwhile, yellow 
pigment production had obtained the highest production at 400 rpm, indicating as the optimal 
level of agitation speed that suit P(3HB-co-4HB) copolymer and yellow pigment production. 
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